The kinetics and equilibrium of Indanthrene Olive Green (IOG) adsorption on chitosan, from aqueous solutions, have been investigated. The chitosan was characterized by XRD, average degree of deacetylation (DD), TGA/DTG, IR, SEM and specific BET surface area. Batch adsorptions experiments were carried out in different pH and dye concentration. An acidic pH condition (4.0 to 6.0) was favorable to the adsorption process. The adsorption followed secondorder rate kinetics and the experimental equilibrium data followed Langmuir isotherm, suggesting that chemisorption might be the major adsorption mode. The adsorptions also occurred on chitosan fibers, being significantly lower than that of crushed chitosan. Thermodynamic parameters ( G°, H°, and S°) were calculated. The positive values of H° (161.7 kJ mol -1 ) and S° (559.9 J mol -1 K -1 ) suggest that the adsorption is endothermic and that during this adsorption process the randomness of the system increases. A simplified adsorption model is also proposed.
Introduction
Adsorption technology is currently under application and investigative research because it is simple, fast, efficient and economical tool for recuperation of the impacted area, as well as for wastewater treatment [1, 2] . Although in the last years many materials have been reported as adsorbents for the removal of pollutants [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , chitosan, a natural polysaccharide derived from chitin, keeps attracting much interest because of its biodegradability, non-toxicity, hydrophilicity, biocompatibility, anti-bacterial property, efficiency and low cost [12] [13] [14] [15] .
Due to its molecular structure, featuring the presence of amino (-NH 2 ) and hydroxyl (-OH) groups, chitosan displays a high affinity for many classes of compounds and has been widely used for the removal of transitions metal ions [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , dyes and inks [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , lysozime [38] , proteins [39] , cholesterol [40] , urea [41, 42] and several other organic compounds [43] [44] [45] [46] [47] [48] [49] . Chitosan can also be chemically modified to produce fibers, composites and supports, improving its adsorption capacity and offering potential applications in several fields [18-24, 29, 38-44, 49, 50] .
Considering that the textile industries use large volumes of water and that considerable amount of the dyes used in the process can be lost, and also the high toxicity of the dyes [1, 32] , the treatment of wastewaters has long been a major concern of these industries [51, 52] . In fact, the estimated world annual production of dyes is around 7
. 10 4 tonnes and over 3.5 . 10 3 tonnes of these dyes are annually discharged into the effluents [37, 51] .
The presence of dye-containing effluents in a watercourse, besides its natural toxicity, affects the photosynthesis with serious and undesirable consequences to the aquatic and human life. Therefore, the removal of these hazardous substances from the environment is one of the most important environmental issues. Several methods have been developed to remove dyes from the effluents of the textile industries [11, 34, 51, 53] . Among these treatment technologies, adsorption remains the most effective and the least expensive method.
In this paper, the ability of chitosan to remove Indanthrene Olive Green (IOG) dye by adsorption from aqueous solutions is investigated. IOG, whose structure is shown in Figure 1 , has been pointed as one of the vat dyes largely used in the textile industry [54] . The influence of pH and dye concentration in the isothermal kinetic modelling, and the effect of temperature on the adsorption were considered. An adsorption model based on experimental results is suggested. , which were ascribed to the planes (020), (110) and (130), respectively [55, 56] . The crystallinity index (%CrI) was calculated as previously described, considering the two most intense peaks, at 20 (1) in which I corresponds to intensity of the peaks in arbitrary units [55] . The estimated value for %CrI was 63.
Results and discussion
The degree of deacetylation (DD) can be defined as the molar fraction of deacetylated units in the polymorph chitosan chain. It is an important parameter since it influences the chemical and physical properties of chitosan. Figure 3 shows a typical conductimetric titration curve, where the conductivity of the suspension is plotted against the volume of the NaOH solution. This chitosan sample has a degree of deacetylation of 83.9 %. [33, 57] . The curve obtained is typical for chitosan and shows a significant weight loss up to about 333 K (~12 %), followed by a plateau until about 559 K, and then a marked decrease in the weight (~65 %). The maximum peak for degradation temperature was observed at about 573 K. As polysaccharides usually have a strong affinity for water, the first thermal degradation step was attributed to the loss of water, and the subsequent step to the thermal degradation of molecular chitosan chains [58] .
The infrared spectrum of chitosan was investigated. The results were in good agreement with those reported in the literature [32, 59] . The particle shapes of the chitosan powder are shown in Figure 5a . It can be verified that such material, which is similar to other chitosan [28] , presents irregular, porous and heterogeneous surface (Figure 5b ). Its BET surface area was 1.672 m 2. g -1 in agreement with porous material, and the average pore diameter measured was around 10.1 nm, which corresponds to typical mesoporous material. Figure 6 illustrates the effect of pH on the amount of IOG dye adsorbed onto the chitosan surface. It can be noticed that the best results were obtained in the pH range from 4 to 6. In acidic media, more specifically in pH values lower than 4, a good adsorption of the dye was not observed, possibly due to the chitosan solubility. Normally, chitosan is insoluble in aqueous solutions at a pH value above 7. However, in pH values below 5, the free amino groups are protonated and the molecule becomes soluble (formation of a gel) and it also shows attractions for anionic species [15, 41] . In the same way, a decline in the dye binding capacity was observed above pH 6. Because pK a of chitosan is around 6.2 [60] , this inefficiency can be attributed to the decrease of protonated amine functional groups [61] , or to some degree of the deprotonation of the dye. 6 From this figure, it can be seen that the initial pH of the water is altered after addition of dye, which means that there is some protonation equilibrium involved. In a first approach, we can consider that only the IOG molecules are responsible for such acid-base behavior, because they contain nitrogen in their structure, which is able to undergo protonation [62] . Although this assumption is not completely true, since the dye is not pure enough, it allows us to estimate the pKa value of the dye sample. An attempt was made to estimate the pKa value of this dye using a spectrophotometric method, but the spectra of the dye showed no change upon addition of titrant solution. According to corresponding Gran plotter, the estimated pK a value of the IOG is 7.7. So, we can assume that the deprotonation of the dye is not favorable to the adsorption process (alkaline medium). Conversely, at pH values between 4 and 6 the best adsorption results are observed, as most of IOG is protonated and the chitosan surface is deprotonated. Therefore, all batch adsorption experiments were conducted in pH 6. Figure 8 shows the kinetic results of the chitosan adsorption process. Contrary to several similar work in the literature [13, [26] [27] [28] [29] [30] [31] 35] , in which the best contact-time was around 100 min, the contact-time necessary for the equilibrium of the IOG chitosan adsorption is of about 5 h. In order to study the adsorption mechanism, the kinetic data was fitted according to the equations (2) and (3) [37, 63] , that are integrated rate laws for pseudo first-and second orders, respectively; Q e and Q t are the amount of dye adsorbed onto chitosan at equilibrium and a time t, respectively; k 1 (min -1 ) and k 2 (g mg -1 min -1
) are the pseudo first-and second rate constants, respectively. The results obtained are shown in Table 1 and in Figures 9 and 10 . The results obtained for chitosan fibers showed a second-order rate constant about ten times smaller than the value calculated for crushed chitosan, in agreement with the different surface areas.
Considering the overall sorption mechanism it is generally accepted that the adsorption dynamics consists of three consecutive steps, one or any combination of which could be the rate-controlling mechanism [64, 65] :
Transport of adsorbate molecules from the bulk solution to the adsorbent external surface;
Diffusion of the adsorbate from the external surface into the pores of the adsorbent, and
Adsorption of the adsorbate on the active sites on the internal surface of the pores Some studies have suggested the overall rate of adsorption is controlled by the first or second step, or a combination of both, because the third step is often assumed to be rapid [65] . Usually, external mass transfer controls the rate of adsorption during the initial adsorbate uptake, or it is the main factor in systems characterized by dilute concentration of adsorbate, poor mixing, and small particle size of adsorbent. On the other hand, the intraparticle diffusion is the rate controlling step in systems characterized by high concentrations of adsorbate, vigorous mixing and large particle size of adsorbent, or at the end of the adsorption process.
The intraparticle plots of the experimental results are shown in Fig. 11 . As well as for other dyes, multilinearities were observed indicating that some kinetics stages took place. For crushed chitosan three linear regions are observed in this figure, which can be tentatively assigned as the following. The first is attributed to diffusion of dye through the solution to the external surface of adsorbent. The second portion described the gradual adsorption stage, where intraparticle diffusion was rate limiting and started to slow down due to the low dye concentration left in the solution [65] . The last one represents the final equilibrium stage for which the intraparticle diffusion started to slow down, probably due to low dye concentration left in solution. As crushed chitonan adsorbs less than crushed chitosan, the equilibrium is reached faster, so a better linear region can be observed representing this step.
The experimental equilibrium isotherms for the adsorption of IOG onto crushed chitosan and chitosan fibers, in pH 6, are shown in Figure 12 . The fitting of equilibrium data with the theoretical Langmuir and the empirical Freundlich equations was done. The Langmuir model was found to provide a better fitting for the data of the IOG adsorption onto both kinds of chitosan.
According to this model, the monolayer capacity can be represented by Equation 4a [66] :
where Q max is the maximum amount of the dye per unit mass of chitosan; K ad is the Langmuir constant related to the affinity of binding site (dm 3. g -1 ) and the other terms were already described.
As can be seen in Figure 12 , the adsorption capacity increases with the equilibrium concentration of the IOG in the aqueous solutions, reaching a complete saturation at higher concentrations. The parameters representing this process, the maximum adsorption capacity (Q max ) and the Langmuir constant (K ad ), were obtained using the linear Langmuir equation (Equation 4b ), according to a graphic method (Figure 13 ). The isotherm revealed that chitosan has a good capacity to adsorb the IOG dye. The results are summarized in Table 2 .
It is found that both these isotherms are well fitted by the Langmuir equation. We may observe that the crushed type of chitosan gives a higher capacity for IOG (Q max ) than the fiber by a factor of ~16. This is because the crushed chitosan has a much higher surface area (i.e. more lose pore structure) than the fiber, which facilitates the adsorption of IOG dye. These phenomena were also observed by Wu et al. [67] using bead and flake chitosan forms from different sources fishery wastes. Chitosan beads presented values of Q max higher than chitosan flakes. Other works presented similar studies utilizing different particle sizes of chitosan beads for adsorption of reactive dyes [12, 30, 35] . Compared with these data from literature, our chitosan crushed have relatively high adsorption capacity of IOG at pH 6.0. In addition according to nature of slope of the initial portion of the isotherm curve the adsorption process IOG -crushed chitosan can be classified as H (high affinity) and sub-group 2 (one plateau was observed) [68] . The thermodynamic parameters such as K e , G°, H° and S° were determined by usual procedure, as reported for example by Chiou and Li [30] . All the results are given in Table 3 and were computed from Figure 14 . It is evident from the Table 3 that the efficiency of the adsorption increases (K e ), as the temperature also increases. The numerical value of G° decreases with an increase in temperature, indicating that the reaction is spontaneous and more favorable at higher temperature (T 293 K). However, positive values of H° are quite contrary to the general observation that adsorption is an exothermic reaction. But, the adsorption in liquid systems seems different from that adsorption in gas phase. In fact, the first may be exothermic or endothermic, while the last one, due to an overall reduction in the system entropy is exothermic in nature.
Endothermic adsorption process for dyes [69] [70] [71] [72] [73] [74] [75] and metals ions [76] [77] [78] [79] on various adsorbents can be found anywhere. Usually, for species like M n+ (aq) , the positive effect of the temperature to adsorption capacity of chitosan is attributed to the possible increase in the number of active sites available, due to the swelling in the internal pores of the adsorbent to trap more ions [76, 78] . However, for larger molecules as IOG, the exchange of water molecules previously adsorbed onto chitosan available group sites, as well as the rupture of the hydration sphere of the adsorbate, seems to play an important role. In fact, each molecule of the IOG can replace more than one solvent molecule, and conductivity measured for this dye in aqueous solution (9. 
Experimental part
Chitosan fibers were prepared and supplied by Núcleo de Tecnologia (NUTEC) of Universidade Federal do Ceará, Brazil. A proper amount of this polymer was crushed in a Fritsch model pulverisette 14 mill so as the particle size of the chitosan utilized in the experiments ranged from 88 m to 177 m. Other adsorption experiments were conducted with uncrushed chitosan fibers with the purpose of comparison.
Indanthrene Olive Green (IOG) dye was kindly supplied by Indústria de Toalhas de São Carlos, Brazil. Due to the presence of inert materials in the commercial samples of the dyes, the purity of these dyes, supplied from the Dystar Dyes Company, is approximately 55 %, as reported to Cestari et al. [62] . The chemical reagents (NaOH, HCl, KCl, C 6 H 4 COOK.COOH, Na 2 B 4 O 7 .10H 2 O) were analytical grade (MERCK and ALDRICH).
The X-ray diffractograms were recorded on chitosan crushed using a Shimadzu XD3-A diffractometer. Cu-Kα radiation was employed ( = 1.5418 Å; tube current 20 mA, tube voltage 30 kV) and 2 angular regions between 5 and 50 o were scanned.
The thermogravimetric analyses were carried out in a Shimadzu TGA-50 equipment under N 2 atmosphere, with a temperature range from 298 to 1373 K, heating rate of 10 K . min -1 , flow of the gas of 30 mL . min -1 and initial sample mass of 10.0 mg.
The infrared spectra of the chitosan samples were recorded on a Bomem FTIR, model MB Series, using KBr pellets, and in the 4000 -400 cm -1 wavelength range.
The morphology of chitosan powders was analyzed by a JEOL JSM-6360 LS Scanning Electron microscope. The samples were prepared by placing a thin layer of powdered chitosan on a metallic support, followed by a carbon deposition on the chitosan.
The textural structure characterization (surface area, porosity) of crushed chitosan was assessed by N 2 adsorption/desorption at 77 K using a gas sorption analyser ASAP 2010. BET surface area, t-plot micropore volume and pore diameter were calculated by applying the BET equation to the adsorption isotherms.
The studies of degree of deacetylation (DD) were performed by conductometric titration using a conductivimeter Digimed, model 21-D. The method is described elsewhere [80, 81] . Briefly, 100,0 mg of a chitosan sample were suspended in 150 mL of a solution containing 3. . Preliminary tests in buffer solutions [82] showed that the adsorption studied was complete after 5 h and that best adsorption results were achieved in pH values between 4 and 6. Thus, in all isotherms and thermodynamic experiments the time and pH were fixed in 5 h and 6 h, respectively. Three replicates were analyzed for each experiment.
The dye concentrations of kinetics and equilibrium experiments were evaluated in a Cary 50 Varian, spectrophotometer, at the wavelength of 620 nm. The amount of IOG adsorbed Q e (mg . g -1 ) was obtained by:
where Q e , dye concentration in adsorbent at equilibrium; C i and C f , initial and final dye concentrations in aqueous phase (mg . mL -1 ), respectively; V, volume of dye solution (mL); m, amount of dry chitosan used.
Conclusions
The performance of chitosan as remover of IOG from aqueous solution was investigated. Equilibrium isotherms and kinetic experimental studies, including theoretical models were considered. In conclusion, it can be stated that chitosan may be used as an effective adsorbent material for dye removal from aqueous solutions and wastewaters. The results demonstrated that the adsorption process depended on the pH of the solution and the best value of pH for adsorption was in the range from 4 to 6.
The adsorption kinetics follows a pseudo-second order equation mechanism, according to the model that best fitted the experimental data. The Langmuir equation agrees very well with the equilibrium isotherm for both chitosan types studied, indicating that adsorption occurred through a monolayer mechanism involving chemisorption. Thermodynamic and equilibrium parameters show that the IOG adsorption onto chitosan is an endothermic and spontaneous (T 290 K) process and has random behaviour.
Finally, this polymer shows a great capacity to adsorb Indanthrene Olive Green dye and can be used as low cost material for the removal of environmental pollutants, especially dyes from wastewaters.
